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EVALUATION 


k. 


1.  This  report  is  the  final  report  on  the  contract.  It  covers  a 
theoretical  Investigation  of  a phased  array  technique  using  over- 
lapped multiple-beam  elements.  The  limited  study  effort  examined 
the  general  relationship  between  the  system  parameters.  Design 
curves  are  presented  relating  these  parameters  to  the  performance 
and  complexity  of  the  system.  In  general  it  is  shown  that  the 
number  of  phase  shifters  required  In  this  antenna  system  is  much 
lower  than  the  number  of  beamwidths  of  scan.  The  results  Indicate 
that  extremely  low  sidelobe  levels  can  be  achieved  over  most  of 
the  angular  sector  with  the  close-in  sidelobes  limited  to  no  more 
than  -20  dB  and  grating  lobe  levels  to  peak  values  of  about  -l4  dB 
for  a few  scan  locations.  The  pattern  performance  can  be  further 
improved  at  the  cost  of  additional  elements. 

2.  This  effort  was  supported  under  project  4600,  task  14.  The 
results  obtained  are  applicable  to  tactical  and  space  based  radar 
antennas  because  they  illustrate  potential  low  cost  techniques  for 
seanning  array  implementation. 
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I . PROGRAM  OBJECTIVES 

The  objective  of  the  subject  study  program  Is  to  analyzd  a new 
array  technique  using  overlapped  multiple-beam  elements  that  are  arrayed  and 
phased  to  provide  a scannable  narrow  beam  with  a minimum  number  of  phase 
shifters.  In  addition  to  studying  the  array  parameter  relationships  versus 
performance  and  cost,  a set  of  parameters  are  to  be  selected  to  demonstrate 
performance  via  computer  simulation.  The  designs  to  be  simulated  are: 

Limited  Scan 

Beamwldth  - 1* 

Scan  coverage  - +10® 


Wide  Angle  Scan 

Beamwldth  - 1® 

Scan  coverage  - +45® 


i 
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1 I . STUDY  PROGRAM  SUMMARY 

A new  array  technique  Incorporating  a number  of  overlapped  large 
multibeani  elements  has  been  examined.  Tlie  technique  results  in  a substantial 
reduction  In  numbers  of  pliase  shifters  by  providing  a step  scan  element  pat- 
tern that  is  selected  via  a SPMT  swltcti. 

The  number  of  parameters  available  to  the  designer  in  selecting  the 
best  design  for  a given  specification  Include: 

1.  Number  of  multiple-beam  elements/phase  shifters 

4 

2.  Element  overlap  factor 

3.  Array  distribution 

4.  Element  size 

5.  Element  pattern 

6.  Element  step  scan  design. 


The  limited  study  effort  described  in  this  report  examined  the  general  rela- 
tionships between  these  parameters  and  system  performance.  Design  curves  are 
presented  relating  these  parameters  to  system  performance  and  complexity. 


In  general,  it  is  shown  that  the  number  of  phase  shifters  required  in  this 
system  is  much  less  than  the  number  of  BW's  of  scan. 

A set  of  parameters  were  selected  for  examination  in  greater  detail 
for  limited  scan  (+  10®,  1“BW)  and  wide  angle  scan  (+45®,  1®BW)  applications. 
The  results  of  this  examination  Indicated  satisfactory  performance  for  a given 
set  of  performance  requirements  and  pointed  out  areas  that  could  be  improved 
upon  by  selecting  other  system  parameters. 


I’atent  application  filed. 
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Antenna  patterns  were  computci  simulated  for  a minimum  number  of 
components  design.  The  system  parameters  were: 

» Limited  Scan 

BW  - 1“ 

Scan  - +10* 

# elements  - 18 

# phase  _ - 

shifters 

# of  switches  - 9 (SP2T) 

Sidelobes  - <-20  dB  close-in 

<-40  dB  beyond  +25“ 

Crating  lobe  - typically  -14  dB  to  -20  dB 
Element  type  - 8 port  Butler  Matrix 
Array 

Efficiency  - -3.2  dB 


Wide  Angle  Scan 


BW 

- 1“ 

Scan 

- j^5“ 

# elements 

- 26 

# phase 
shifters 

- 26 

# switches 

- 26  (S“4T  and  SP3T) 

Sidelobes 

- <-20  dB  close-in 

<-40  dB  beyond  +25“ 

Grating  lobe  - typically  -14  dB  to  -20  dB 

Element  type  - 8 port  Butler  Matrix 

Array 

Efficiency  - -3.2  dB 
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III. 


ARRAY  DESIGN 


A.  Principle  of  Operat_lon 

The  array  approach  examined  In  this  study  la  based  upon  urrayliiR  and 
phasing  elements  that  are  electrically  large,  l.e.,  greater  than  one  wave- 
length. Each  of  these  elements  produces  a narrow  beam,  tlie  direction  of  whicli 
Is  selected  and  determined  by  moans  of  a multiple-beam  (MB)  network  or  lens. 

In  order  to  avoid  grating  lobes,  the  spacing  between  elements  must  be  less  tlian 
an  element  width,  l.e.,  the  elements  must  overlap.  This  Is  realized  by  over- 
lapping the  multiple-beam  matrices  (lens)  and  coupling  the  overlapped  outputs 
through  P:1  combiners  (P  is  the  maximum  number  of  matrices  overlapped  at  any 
point  on  the  array)  to  a set  of  common  radiators  as  Illustrated  in  Figure  1 1 1-1. 
The  array  is  scanned  by  adjusting  the  N phase  shifters  feeding  the  large 
element  networks  (lens)  using  phase  shift  values  identical  to  that  required  of 
a conventional  array  with  Interelement  spacing  equal  to  A/P. 


2it  (n-1)  A 

If  - — - stln  0 

n X P o 


(111-1) 


The  array  pattern  Is  determined  by  the  product  of  the  array  factor 
and  tiie  element  pattern.  A typical  case  is  Illustrated  In  Figure  III-2.  Tlie 
array  factor  grating  lobe  structure  scans  with  the  desired  main  beam.  In  order 
to  avoid  high  grating  lobes  In  the  array  pattern,  the  array  scan  must  be 
restricted  to  angles  that  limit  the  grating  lobe  location  to  angles  that 
correspond  to  low-clement  pattern  values.  Tl^ls  Is  possible  when  one  half  the 
element  null  width  Is  less  than  the  grating  lobe  spacing;  l.e., 
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2 1 1 Overlap  Array 
P » 2 


. 111.1  overlapped  Array  Block  Dia/i’iram 


<ir  I’  > K.  K cannot  he  less  than  1 and  typically  Is  sreatur  tlian  1 (K*l  cor- 
respvnids  to  the  minimum  null  width  dualgn  sin  X/X  element  pattern);  therefore, 
an  overlap  factor  of  2 or  greater  is  a necessary  condition  for  generating  scan 
patterns  with  low-grating  lobes. 

Another  constraint  placed  on  the  design  is  the  variation  in  antenna 
gain  versus  scan.  A flat  element  pattern  over  the  scan  sector  is  desirable; 
and  to  a limited  extent,  this  can  be  achieved.  However,  the  element  null  width 
(and  factor  K)  increases  when  the  element  pattern  top  is  flattened,  tliereby 
decreasing  the  scan  sector  width  possible  from  the  single  element  beam  posi- 
t ion. 

The  multiple  beam  element  pattern  is  stepped  in  angular  space  as 
Indicated  in  Figure  II 1-2  thus  allowing  array  scan  over  very  wide  sectors. 

Each  multiple  beam  element  would  include  a SPMT  switch  connecting  one  of  "M" 

ports  to  a coomon  phase  shifter.  Each  of  the  M ports  would  correspond  to  a 

* 

specific  element  beam  and  angular  coverage  region  . 

The  array  sidelobe  structure  is  determined  by  the  multiplication  of 
the  array  factor  sidelobes  by  the  element  pattern.  The  near  in  array  side- 
lobes  will,  therefore,  be  similar  to  those  generated  by  the  array  factor. 

However,  the  far-out  sidelobes  will  be  much  lower  due  to  the  drop  off  in 
element  pattern  level.  These  sidelobe  levels  would  be  much  lower  than  -40  dB 
for  angular  regions  beyond  the  element  main  beam. 

Formation  of  multiple-array  scanning  beams  is  possible  if  an  independent  power 
divider  and  set  of  phase  shifters  are  provided  for  each  port  of  the  MB  element. 
These  independent  and  simultaneously  generated  scanning  beams  would  be  restricted 
to  a maximum  of  one  per  MB  element  coverage  sector. 


l-i 


B . Array  Gain 

Array  gain  and  antenna  ef f Iciunclea  la  computed  by  using  tlic  prin- 
ciple of  superposition.  The  array  gooroutry  assumed  Is  Illustrated  in  Klgurc 
lll-l  for  a 2:1  and  1:1  element  overlap  design.  I1ie  general  i':l  overlap  design 
Is  considered  In  deriving  the  gain  expressions,  while  subsequent  detail  analysis 
will  emphasize  the  P~2  case. 

The  P:1  combiner  can  take  a number  of  forms  depending  upon  the  trans- 
mission line  medium  selected,  frequency,  bandwidth  requirements,  etc.  A 
sample  schematic  for  2,  3,  and  4:1  combiners  are  illustrated  in  Figure  III-3. 

2 

In  general,  the  combiner  will  illustrate  a power  loss  factor  of  P plus  some  I R 

insertion  loss.  Ignoring  the  insertion  loss,  each  MB  element  will  radiate  a 

field,  E : 

n 

where:  P element  overlap  factor 

A^  • element  weight  (voltage) 

- element  pattern  gain. 

The  array  pattern  is: 

N J(2it  N ^ sin  0 b ) 

E(e.4.)  - y.  e ^ " (111-4) 

and  the  array  gain  at  beam  peak  la: 
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The  array  distribution  pattern  efficiency.  Is  defined  as 
N o 

‘^a  " N N ,2 

^ K 

L n 


(1II-6) 


t * 1 for  a uniformly  illuminated  array,  i.e.,  a 100%  efficient  design;  e = 0.9 

d 3 

for  a 90%  efficient  design,  etc. 


Element  gain  is  defined  as 


e o o A e 


(111-7) 


where  * element  pattern  efficiency  and  the  total  array  length  is 


, N+P-1  ^ 

L - — p — A 


(II1-8) 


Substituting  (6),  (7),  and  (8)  Into  (5),  we  get 

*0)  - ftln  'o  s T 


Since  the  maximum  gain,  G^,  from  an  array  of  length  L Is  2L/X . 


*^0^  “ N+P-1  S ‘^a  % 
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(Ill-ll) 


where : 


Losh  factor  ■ 1..F. 


lffP-1 


(111-12) 


The  principle  effect  on  pattern  gain  In  an  overlapped  array  versus  a standard 
non-overlapped  array  Is  the  loss  attributed  to  the  overlap  loss  factor.  Tills 
loss  factor  Is  plotted  In  Figures  Ill-A  and  111-5.  In  Figure  111-4,  the  loss 
factor  is  plotted  versus  the  number  of  array  elements  for  overlap  factors  of  2 
to  5.  As  Indicated  as  the  overlap  factor  Increases,  the  loss  also  increases  for 
a fixed  number  of  array  elements.  However,  as  the  overlap  factor  Increases, 
the  number  of  array  elements  must  also  Increase  If  the  element  and  array  sizes 
are  kept  constant.  This  increase  In  number  of  elements  counters  to  some  extent 
the  Increase  in  loss  factor  due  to  larger  P.  Figure  111-5  illustrates  this 
fact.  In  this  figure,  the  loss  factor  Is  plotted  versus  array  aperture  size 
normalized  to  the  array  element  size.  We  see  that  the  loss  attributed  to  the 
overlap  factor  is  less  than  1 dB  for  all  practical  cases;  l.e.,  the  aperture  of 
the  full  array  Is  4 or  more  times  the  element  aperture.  Furthermore,  we  see 
only  small  (tenths  of  a dB)  Increases  in  loss  for  P > 2. 

Unity  element  and  array  factor  efficiencies  are  achievable.  Tills 
occurs  for  a uniform  array  excitation  (A^  ■ 1 for  all  n)  and  a uniform  element 
aperture  distribution  (such  as  obtained  from  a Butler  Matrix).  The  net  array 
gain  at  the  element  beam  pointing  angle  would  then  be  equal  to  2L/X  less  the 
loss  factor.  As  the  array  is  scanned  away  from  the  element  beam  peak,  the 
array  gain  would  decrease  at  the  same  rate  as  the  element  pattern. 

The  uniform  array  illumination  results  in  the  familiar  sin  X/X  type 
array  pattern  which  gets  multiplied  by  the  element  pattern.  Close-in  sldelobes 
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will  be  high,  l.e.,  13.3  dB  and  17.8  dH  first  and  second  aide loV.is  with  far-out 
sldelobes  dropping  more  rapidly  as  the  element  pattern  factor  starts  tu  donl- 
nalo.  Array  factor  efficiencies  other  than  unity  (tapored  distr Ibut iuu)  are, 
therefore,  desirable  If  low  close-ln  sldelobes  are  required.  Tliis  is  true  fur 
botli  overlapped  and  non-over  lapped  array  designs  and  results  in  similar  gain 
reductions  for  both  approaches. 

The  element  factor  gain  and  efficiency  is  very  much  related  to  other 
system  requirements  including  grating  lobes  level,  scan  sector  size,  gain 
variation  versus  scan,  number  of  elements,  and  number  of  beams  generated  by  the 
multiple-beam  element.  Further  discussion  of  the  trade  offs  associated  with 
the  element  patterns  achievable  is  presented  In  the  following  sections. 

C.  Element  Patterns 

The  multiple-beam  element  design  can  utilize  a multiple-beam  lens 
feed  or  a matrix  feed  network.  The  choice  of  feed  type  depends  on  performance 
specifications  and/or  cost  objectives  of  the  system. 

Both  techniques  have  a variety  of  element  pattern  shape  options.  The 
Butler  Matrix  feed  technique  was  chosen  for  close  examination  in  this  study. 
This  matrix  feed  type  was  chosen  as  a candidate  component  in  the  overlapped 
array  concept  because  of  its  low  loss  character istlca,  simplicity,  and  esta- 
blished capabilities,  while  providing  suitable  characteristics  fur  a class  of 
applications.  Other  matrix  and  lens  feed  systems  provide  a wider  choice  of 
design  options  and  are  clearly  possible,  and  in  some  high  performance  systems 
may  be  preferable.  Che  analysis  presented  in  this  report  demonstrates  the 
capabilities  of  the  overlapped  array  with  the  Butler  Matrix  feed  and  points  out 
the  performance  limitations  that  are  peculiar  to  the  Butler  feed. 
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The  Butler  Matrix  generates  a uaitorm  amplitude  and  linear  phase 

distribution  to  2^  ports  when  any  one  of  the  2^  Input  beam  ports  is  energized. 

This  distribution  generates  a sin  X/X  beam  pattern  at  an  angle  separated  from 

the  adjacent  beam  by  X/A  in  sin  0 space,  where  A,  the  element  aperture,  is 

equal  to  d*2*^.  This  is  illustrated  in  Figure  III-7  for  the  8 port  Butler 

Matrix  (Q“3)  schematically  shown  in  Figure  I1I-6.  The  pattern  illustrated 

assumes  the  matrix  output  ports  are  directly  feeding  elementary  radiators 

spaced  X/2  apart.  Each  radiator  is  assumed  to  have  a cos  0 gain  factor.  The 

—1  2B**1  X 

patterns  peak  at  + sin  (— ^ — where  B is  the  beam  port  number,  and  cross  at 
the  -4  dB  level.  Wider  spaced  radiators  result  In  a larger  effective  aperture 
and  a sin  X/X  pattern  that  starts  to  display  grating  lobes  for  the  higher 
numbered  beams.  This  is  Illustrated  in  Figure  III-8  for  a 0.8X  radiator 


spacing. 


Tlte  single  beam  port  patterns  can  be  combined  In  a number  of  ways  to 


generate  broader  patterns,  flat  top  patterns,  and  low  sldelobe  patterns. 
Examples  of  In-phase  and  quadrature  phase  combining  of  adjacent  beams  are 
shown  in  Figure  III-9.  The  quadrature-phased  beams  result  In  a flattening  of 
the  beam  top,  but  at  the  expense  of  a relatively  high  sldelobe  (approximately 
-11  dB) . The  in-phase  case  results  In  a cosine  aperture  distribution  with  a 

•k 

pattern  exhibiting  a single  peaked  beam  with  a -23  dB  first  sldelobe  . In 

-1  3X 

both  cases,  the  main  beam  null  width  Is  sin  f i-e*.  the  "K"  value  defined 

in  Figure  III-2  is  1.5,  and,  therefore,  satisfies  the  requirement  that  P > K 
for  overlap  factors  of  2:1  or  greater. 

The  -23  dB  first  sldelobe  applies  to  large  apertures  such  as  those  formed  from 
8 port  Butler  matrices  or  larger. 


•mmm 


111.6  8 Port  Butler  Matrix  Schematic 
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thret!  adjacont  hfams  for  a flat  lop  patlt-rn  la  illustrated 
In  Figure  lll-ll).  Tlie  null  wlilth  wldena  with  a restiltant  value  of  2 for  K.  This 
pattern  la,  tliurefore,  moat  useful  tor  overlap  factors  of  1:1  or  greater  and  la 
l)orderllne  tor  a J:1  overlap  factor.  Combining  greater  numbera  of  beams 
reaultu  in  furtlier  widening  of  the  pallern  and  tbo  requirement  lor  greater 
overlap  factors. 

The  above  idealized  patterns  are  modified  in  actual  pracliee  due  to 
amplitude  and  phase  errors  generated  by  the  lesu-than-perfect  manufacturing 
process  of  the  matrix.  Feed  system  performance  publislted  on  data  sheets  for 

A 

Hutler  matrices  indicate  antenna  port  amplitude  and  phase  errors  of  0.5  dB  rms 
and  3"  rms,  re.«pcct  Ively . Element  patterns  were  computed  assuming  tliese 
errors  across  the  aperture  for  the  2 port  inphase  element  (cosine  aperture 
illumination).  An  independent,  uniform  error  distribution  was  assumed  for  each 
beam  before  summation.  Ten  such  casus,  each  with  independent  sets  of  errors, 
are  shown  plotted  in  Figure  111-11.  The  average  element  voltage  pattern  Is 
illustrated  in  Figure  111-12,  where  the  average  pattern  was  computed  from 
equat ion 


E - i y E 
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N 


(111-13) 


I'his  average  pattern  when  multiplied  by  the  array  factor  can  be  used  to  esti- 
mate the  array  pattern.  It  la  particularly  informative  in  calculating  beam 
peak  and  grating  lobe  levels.  These  conditions  occur  when  all  the  elements  are 
in-phase,  or: 

* 
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E . = W E (0  ) 
peak  ^ n n p 


E , - 1 A E (6  , ) 

q.L.  n n g.L. 


(111-14) 


(III-15) 


In  the  case  of  the  unlformally  Illuminated  array  A^=l  for  all  n,  and 


E , = N E (0  ) 
peak  a P 


E - = N E (0  , ) 

q*L.  a g«L. 


(111-16) 


(III-17) 


The  above  element  designs  are  generated  from  lossless  networks. 

Resistive  taporing  of  the  element  aperture  can  be  used  to  further  tailor  the 

2 

element  pattern  at  the  expense  of  some  1 R losses.  This  provides  additional 
pattern  options  for  broadening  of  the  element  beam  and  specifying  its  side- 
lobes  without  affecting  the  beam  location.  This  is  of  particular  interest  when 
considering  scan  patterns,  as  la  discussed  in  the  next  section. 

An  aperture  tapor  of  Interest  is  the  Tchebyscheff  distribution.  I^^R 
and  directivity  loss  versus  sldelobe  level  for  a single  port  Tchebyscheff  beam 
is  shown  in  Figure  111-13.  For  comparison,  the  directivity  loss  (relative  to  a 
uniform  aperture  distribution)  for  the  in-phase  2 port  design  (no  resistive 
tapor)  is  .9  dB  and  generates  a -23  dB  first  sldelobe  and  -30  dB  second  slde- 
lobe. The  "K"  factor  for  the  Tchebyscheff  and  untapored  1,  2.  and  3 port 
beams  Is  shown  in  Figure  I 11-14. 

The  interesting  feature  of  the  Tchebyscheff-element  pattern  is  the 
uniformity  of  the  sldelobe  levels.  When  combining  two  of  these  beams,  if  the 
beam  separation  is  proper,  very  near  perfect  cancellation  of  the  sidelobes  can 
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occur.  I'his  Is  lllustraCeU  In  Figure  111-13  for  an  in-phase  2 port  Butler 
Matrix  beam  that  has  resistive  taporing  of  the  aperture  equivalent  to  a 13  dB 
and  20  dB  Tchebysclief f design. 

1).  Array  Pattern  Control 

Array  performance  is  dictated  by  the  element  pattern  and  array 
factor.  The  major  difference  between  the  Butler  Matrix  fed  element  versus  the 
lens  fed  element  would  be  the  versatility  in  selection  of  the  single  beam  port 
location  in  the  lens  design.  Efficient  lens  design  would  allow  beam  locations 
at  separation  angles  that  are  about  X/A  or  greater  apart  in  sin  6 space^^^.  The 
Butler  Matrix  design  fixes  beam  separation  at  multiples  of  X/A  in  sin  6 space. 

In  both  the  matrix  and  lens  designs,  the  element  patterns  will  over- 
lap at  about  the  -4  dB  point  unless  resistive  taporing  is  employed  or  unless 
multiple  port  beams  are  used  with  adjacent  element  beams  using  a common  input 
port;  e.g.,  element  beam  1 might  use  input  ports  1 and  2 while  element  beam  2 
uses  ports  2 and  3.  This  approach  can  effectively  remove  or  greatly  reduce 
variation  in  the  gain  of  the  array  beam  versus  scan.  An  example  is  illustrated 
in  Figure  111-16.  As  indicated,  the  overlapped  beams  achieve  high-beam  cross- 
over levels  at  the  expense  of  adding  a SP2T  switch  at  each  port  of  Che  matrix. 

An  alternative  approach  for  achieving  high-element  pattern  cross  over 
that  does  not  require  resistive  taporing  or  additional  switches  is  to  stagger 
Che  element  patterns.  As  an  example,  assume  one  side  of  the  array  has  element 
patterns  at  beam  locations  generated  by  in-phase  addition  of  ports  4L&3L, 

2LA1L,  1R&2R,  3R&4R.  The  other  side  would  have  beams  determined  by  ports 
3L&21.,  IL&IR,  2R6i3R  (sea  Figure  III-17).  The  "average"  element  pattern  for  the 


KLh'MhNT  MATRIX 


BKAM  FORTS  IrV"  2H  ' ' 

3R 

JF?T  Switche.s\  / / 

^ — 1 

,1  r 

"L  r 

r*~'  • 1 

3 db 

Hybrids  I I 

1 j 

l&i 

2&'} 

Overlapped  Beam  Fort  Schematic 


f 


30 


B 


RNGLe  (OB) 


9B 


FIB.  111.17  STHBGEREO  2 PORT  PATTERNS 

3] 


full  array  would  determine  the  array  gain  and  grating  lobe  level.  This  average 
pattern  Is  shown  In  Figure  111-18. 

The  above  example  of  a staggered-elument  design  results  in  stepping 
the  element  pattern  of  each  half  of  the  array  in  2X/A  steps  (sin  6 space)  with 
one  or  the  other  half  switching  every  X/A.  For  the  more  general  case  where  the 
spacing  is  not  restricted  to  multiplea  of  X/A  (lens  feed  design,  limited  scan 
Butler  Matrix  design  utilizing  only  one  beam  per  matrix,  or  tapored  aperture 
design),  the  average  pattern  changes,  and  the  array  performance  is  modified. 
Gain  variation  and  grating  loba  level  is  plotted  In  Figure  II 1-19  as  a function 
of  this  spacing  and  array  scan  sector  for  P=2.  Similar  curves  for  overlapped 
Tchebyscheff  designs  are  plotted  in  Figure  III-20  for  an  overlap  spacing  of 
X/A. 

Independent  of  the  element  pattern  selected  for  the  &rx&y , the  number 
of  elements  and  matrix  input  ports  used  to  achieve  a given  sector  of  scan  and 
array  beamwldth  can  be  computed.  The  pertinent  relationships  are: 

PL 

0 of  elements  “ N ■ — - P + 1 

A 

^ - 1 for  P-2  (111-18) 

—1  2B“"1 

scan  sector  covered  - 2 sin  ("“^A  (111-19) 

where  B - 1 to  Q 

“1  B 

scan  sector  covered  by  staggered  element  - 2 sin  (— ) (111-20) 

A 

where  B - 0 to  Q-1 
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Scan  sector  Is  defined  as  the  Included  angle  between  the  single  port  element 
beam  peaks  generated  from  ports  BR  and  BL. 

A further  constraint  on  the  element  radiator  separation  Is  a grating 
lobe  constraint  on  the  element  pattern.  This  is  defined  as 

“ ' rvi  sin  0 I 
m' 

where  6 Is  the  maximum  array  scan  angle. 

The  above  parameters  are  Illustrated  In  Figures  III-21  through  III-23 
for  Butler  matrices  of  Q“2,  3,  and  4.  Each  of  these  curves  are  plotted 
versus  the  radiator  spacing,  d.  The  maximum  scan  angle  versus  d Is  given  by 
the  dashed  curve,  whereas  the  solid  curves  give  the  beam  peak  locations.  The 
number  of  elements  required  for  a 57X  aperture  (approximately  l^BW)  Is  also 
shown,  assuming  a P°2.  An  example  of  the  use  of  these  curves  Is  given  In 
Figure  111-23  where  It  Is  assumed  that  a scan  Is  required.  The  maximum 

d Is  first  determined  to  be  0.585X.  The  number  of  elaments  Is  then  deter- 
mined to  be  11.  For  this  minimum  element  design  matrix  beam  ports  7R  through 
7L  are  required.  A 2 port  In-phase  staggered  element  design  would  then 
require  11  SP7T  switches  and  11  phase  shifters,  one  for  each  element. 

The  curves  in  Figure  111-24  give  the  minimum  number  of  array  elements 
(matrices)  versus  scan  sector,  where  the  minimum  number  condition  Is  defined  as 
the  design  employing  the  maximum  d.  A plot  of  the  normally  assumed  minimum 
number  of  elements  (M  >■  BV's  of  scan)  for  a phased  erray  Is  shown  In  the  same 
figure  for  comparison  purposes.  As  shown,  the  overlapped  array  approach 
reduces  the  required  number  of  phased  elements  dramatically  from  the  theoretical 
"minimum” . 
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The  Bulter  Matrix  has  wide  bandwidth;  standard  units  provide  up  to  an 

A 

octave  bandwidth  . However,  since  the  matrix  is  not  a true  time  delay  network 
(see  reference  2 for  networks  that  are  true  time  delay  types),  the  pointing 
direction  of  the  single  port  beam  varies  with  frequency.  This  change  in  loca- 
tion can  be  estimated  directly  from  the  beam  location  curves  plotted  in 
Figures  111-21  through  111-23,  since  a frequency  change  can  be  interpreted  as 
a change  in  radiator  spacing  d. 
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IV. 


ARRAY  PERFORMANCE 


Ai>  discussed  In  the  previous  section,  there  are  trade  offs  to  be  made 
between  performance  and  simplicity  and/or  cost.  The  arrays  selected  for  com- 
puter simulation  are  based  upon  simplicity,  fewest  numbers  of  components,  and 
presumably  low  cost.  Better  pattern  performance  at  the  expense  of  some  addi- 
tional hardware  is  possible  and  can  be  extrapolated  from  the  analysis  done  in 
this  study.  This  is  discussed  in  the  following  sections. 

4. 1 Limited  Scan  Array 

The  simplest  useful  element  pattern  is  the  2 port  in-phase  (cosine 

illumination)  pattern.  For  a minimum  circuitry  approach  for  multiple  sector 

operation,  the  array  design  would  utilize  the  staggered  element  pattern  approach, 

-1  2X 

i.e  each  element  stepped  at  sin  • T*'®  trade  offs  for  + 10“  scan  of  a 

one-degree  beam  are  indicated  in  Table  IV-1.  The  total  number  of  active 
components  are  presented  in  the  table  along  with  the  number  of  matrix  port 
positions  on  the  SPMT  switch  (when  M^l,  no  switch  is  required  and  a power  divider 
can  be  substituted  for  the  matrix).  Two  values  of  M are  tabulated  representing 
the  number  of  switch  positions  on  each  half  of  the  array. 

The  2 port  in-phase  element  pattern  is  a simple,  efficient  (-0.9  dB) 

* 

element  . When  staggered  as  indicated  above,  the  array  pattern  will  exhibit  a 
high  ( -14  dB)  grating  lobe  at  the  scan  limits.  This  can  be  reduced  consid- 
erably by  stepping  the  elements  as  sln~^(^),  but  at  the  penalty  of  adding 
additional  SP2T  switches  (Section  IV. D).  Another  possibility  is  to  use  stag- 
gered Tchebyscheff  weighted  apertures.  Resistive  taporing  of  the  matrix 
radiator  ports  to  achieve  this  element  aperture  should  reduce  the  maximum 
* 

When  the  element  Is  staggered,  efficiency  is  further  reduced  by  2.1  dB,  but 
gain  variation  is  reduced. 
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TABLE  IV- 1 


LIMITED  SCAN  PARAMETERS 

MINIMUM  NUMBER  OF  COMPONENTS  FOR  +10“  SCAN  - 1“BW 


CASE 

BUTLER 

SIZE 

ELEMENT 
SIZE  A 

I 

4 

3.4X 

II 

8 

6 

III 

16 

12.8 

IV 

32 

25.6 

# OF  PHASE  SHIFTERS /MATRICES 


AND  SPMT  SWITCHES  M 

33  1 

18  1,2 

8 2,3 

4 4,5 
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gracing  lobe  level  (to  -20  dB  for  a 15  dB  Tchebyscheff  design)  at  the  cost  of 
somewhat  higher  tar-out  sldclobe  levels.  These  alternatives  were  not  con- 
sidered for  array  pattern  computer  computation  In  this  study. 

To  illustrate  the  effect  of  the  array  factor  on  the  final  pattern,  a 
uniform  and  23  dB  Tchehyscheff  array  distributions  were  selected  for  a modified 

A 

version  of  Case  1 in  Table  lV-1  . Tliu  results  are  indicated  in  Figure  IV. 1 
through  IV. 4.  The  major  differences  between  Che  two  can  be  seen  to  be  the 
close-in  sldelobes.  The  element  pattern  effect  on  the  array  pattern  is  clearly 
evident,  with  sldelobes  beyond  +25°  less  than  -40  dB.  The  grating  lobe  maximum 
is  about  -30  dB. 

Case  II  in  Table  IV-1  was  computer  simulated  to  illustrate  a minimum 
element  number  multiple  sector  design.  In  chie  case,  18  elements  are  used,  9 
using  an  8 port  Butler  Matrix  with  input  ports  IR  and  2R  combined  for  one  half 
of  the  scan  cycle  and  IL  and  IR  combined  for  the  other  half  of  the  scan  cycle. 
The  other  9 elements  of  the  array  have  a fixed  beam  Chat  can  be  implemented 
with  a simple  8:1  divider.  A 25  dB  Tchehyscheff  array  distribution  was  assumed. 
The  patterns  for  this  design  are  shown  in  Figures  IV. 5 and  IV. 6. 

The  high  grating  lobe  indicated  can  be  reduced  at  maximum  scan  angles 
by  increasing  the  number  of  elements  and  reducing  the  element  size,  e.g., 
reducing  the  element  size  from  6X(8  x .75X)  to  4,8X(8  x .6X)  would  lower  the 
maximum  grating  lobe  at  10°  scan  by  about  4 dB  at  the  expense  of  raising  the 
total  number  of  elements  to  22.  To  reduce  the  high  grating  lobe  at  0°  scan, 
alternate  element  pattern  types  such  as  discussed  above  would  be  required. 

_ 

33  instead  of  33  elements  were  used  allowing  slightly  smaller  radiator  spacing 
of  .8X  versus  .85X,  thus  avoiding  a high  element  and  array  grating  lobe  at  +90°. 
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4 . 2 Wide  Angle  Scan 

The  tradeoffs  for  a minimum  component  design  of  a l^BW  +45“  scan 
antenna  are  Indicated  in  Table  IV-2.  As  in  tlie  rase  of  tlie  limited  scan 
design,  only  staggered  element  patterns  are  assumed,  with  each  element  pattern 
being  a 2 port  in-phase  Butler  Matrix  type.  'Hie  options  available  for  pattern 
performance  improvement  discussed  in  Section  4.1  apply  as  well  to  tire  wide 
angle  scan  design. 

A modification  of  Case  II  In  Table  lV-2  was  taken  for  computer  simu- 
lation. The  number  of  elements  was  increassd  by  one  to  26  and  both  a . 5X  and 
.55X  radiator  spacing  design  considered.  The  two  radiator  spacings  correspond 
to  operation  at  two  frequencies  over  a lOZ  band.  Half  the  elements  use  6 of 
the  Input  matrix  ports  and  have  a SP3T  switch  selecting  3 possible  beam  posi- 
tions. The  other  half  of  the  array  uses  all  8 ports  and  a SP4T  switch  per 
element.  A 25  dB  Tchebyscheff  distribution  Is  assumed. 

The  . 5X  radiator  design  patterns  are  shown  In  Figures  IV. 7 through 
IV. 9.  The  .55X  radiator  design  patterns  are  very  similar  to  those  for  the  .5X 
spaced  radiators.  The  major  differences  occur  In  the  amplitude  of  the  array 
beam  at  a given  angle  since  the  element  pattern  peak  shifts  as  much  as  5.6°  for 
the  extreme  angular  sectors.  For  simultaneous  wideband  operation,  this  would 
represent  a gain  versus  frequency  variation  but  no  beam  pointing  error  if  the 
matrix  elements  phase  shifters  were  true  time  delay  devices.  The  .55X  spaced 
array  results  are  illustrated  In  Figure  IV. 9. 

The  directivity  of  these  patterns,  as  determined  through  computer 
integration  of  the  simulated  patterns,  Is  19.7  dB  to  18.3  dB.  Theoretical 


51 


TABLE  IV-2 


WIDE  ANCLE  SCAN  PARAMETERS 
minimum  number  of  COMPCWENTS  for  + 45“  SCAN  -1"BW 


CASE 

BUTLER 

SIZE 

ELEMENT 

SIZE  A 

# PHASE  SHIFTERS /MATRICES 
AND  SPMT  SWITCHES 

M 

I 

4 

2.2 

50 

2.3 

II 

8 

4.4 

25 

3.4 

III 

16 

8.8 

12 

6.7 

IV 

32 

17.6 

6 

13.14 
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nuixiraum  directivity  is  20.1  dB.  With  an  expected  gain  variation  of  1.5  dB 

due  to  the  element  factor  shape,  the  expected  directivity  Is  20.1  dB  to  18.6  dB. 

Losses  that  will  affect  gain  are  element  efficiency  losses  (3.0  dB)  and  the 
* 

overlap  loss  factor  (.16  dB) . Gain,  therefore,  can  be  computed  as  the  direc- 
tivity less  3.2  dB  overlap  system  losses  less  component  losses. 
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V. 


COMPONENT  TRADE  OFFS 

Trade  off  of  design  parameters  to  acliicve  a given  cost  objective  with 
maxlmuoi  performance  or  a given  performance  level  at  lowest  cost  is  very  nuich  a 
function  of  the  detail  specifications.  Therefore,  only  a general  discussion  of 
the  parameter  selections  can  be  presented.  This  hopefully  would  narrow  the 
range  of  parameters  that  would  be  considered  for  a given  requirement. 

Discussion  of  the  performance  versus  the  number  of  elements,  overlap 
factor,  element  pattern,  Butler  Matrix  size,  and  element  beam  step  was  dis- 
cussed in  Sections  III  and  IV.  The  relationship  of  these  parameters  to  cost 
and  reliability  la  now  of  Interest,  llie  basic  components  are:  1)  the  matrix 
feeds,  2)  phase  shifters,  and  3)  the  switches. 

Matrix 

Butler  matrices  up  to  64  ports  have  been  manufactured  with  good  per- 
formance. The  networks  are  all  passive  multiple  layer  printed  circuits  that 
are  low  cost  unless  they  get  physically  very  large.  At  microwave  frequencies, 
matrices  equalling  to  16  ports  or  less  appear  reasonable  in  size  and  cost. 

This  does  not  appear  to  be  restrictive  as  larger  networks  tend  to  result  in  too 
many  scan  sectors  (SFMT  switches  with  M large)  or  too  few  phase  shifters  for 
effective  pattern  control. 

Since  the  number  of  elements  Is  Inversely  proportional  to  tlie  element 
aperture.  It  is  also  Inversely  proportional  to  the  matrix  size.  Therefore, 
going  from  an  8 port  matrix  to  a 16  port  matrix  will  halve  the  number  of 
matrices  required.  Matrix  reliability  (very  high)  has  not  changed.  The  cost 
of  the  individual  matrix,  however,  has  increased  by  about  a factor  of  2.5*. 

* 

From  discussion  with  Sanders  Associates,  Inc. 
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The  absolute  cost  of  an  8 port  Butler  Matrix  In  production  quantities  is  not 
readily  available.  However,  estimates  would  place  it  in  the  range  of  two  times 
the  cost  of  a A-bit  phase  shifter. 

Phase  Shifters  and  Switches 

A 4-bit  phase  shifter  (assumed  to  be  required  for  a typical  design) 
has  the  same  number  of  the  same  type  diodes  as  a SPAT  switch.  Furthermore,  the 
circuit  construction  is  very  similar.  ITierefore,  it  would  be  reasonable  to 
assume  comparable  costs  for  these  two  items. 

The  drivers  for  the  two  devices  and  the  input  logic  is  different. 
Furthermore,  as  the  number  of  phase  shifters  are  reduced  at  the  cost  of  Increased 
switch  positions,  the  beam  steering  logic  is  greatly  simplified  as  is  the 
cabling.  As  a first-order  estimate,  we  might  consider  the  cost  of  SPAT  switches 
and  A-bit  phase  shifters  to  be  equal. 

If  one  were  to  take  the  above  cost  relations  for  the  matrix  and 
switches  and  normalize  them  to  a A-bit  phase  shifter,  and  assume  M is  pro- 
portioning to  matrix  size,  the  cost  for  an  8 port  Butler  system  and  a 16  port 
Butler  system  would  be  about  the  same,  or 

cost ^ ^ Mv 

cost  of  phase  shifter  k' 

where  M is  the  number  of  switch  positions  and  N is  the  number  of  elements  required 
for  an  8 port  matrix  design. 


VI. 


CONCLUSION  AND  DISCUSSION 


The  phased  array  technique  using  an  overlapped  multiple-beam  element 
has  been  investigated  and  relations  between  parameter  selection  and  perfor- 
mance established.  Two  designs,  one  for  limited  scan  and  phase  shifters  was 
selected  for  computer  analysis.  Tlie  results  Indicated  ultra  low  sidelobe 
levels  are  possible  over  most  of  the  angular  sector  while  limiting  the  close 
in  sidelobes  to  no  more  than  -20  dB  and  grating  lobe  levels  to  peak  values  of 
about  -14  dB  for  a few  scan  locations.  The  wide  angle  design  provides  90 
beamwidths  of  scan  (1°  BW  scanned  + 45°)  with  (26)  8 port  Butler  Matrix 
elements,  (26)  phase  shifters,  and  (26)  SP4T  switches.  The  limited  scan 
design  utilizes  (18)  8 port  matrices,  18  phase  shifters,  and  (9)  SP2T  switches 
to  achieve  20  BW's  of  scan. 

Analysis  indicates  pattern  performance  can  be  further  Improved  at 
the  cost  of  additional  elements  and  element  complexity.  The  technique, 
therefore,  would  appear  to  have  wide  application  for  receive  and  transmitting 
systems.  Two  dimension  scan  can  be  visualized  as  a straightforward  extrapo- 
lation of  the  described  technique  where  it  is  used  as  the  row  and  column 
scanning  networks  for  a row-column  phased  array. 

The  short  study  reported  on  represents  only  an  initial  look  at  the 
possibilities  of  this  new  array  technique.  Further  analysis  is  called  for 
in  the  following  areas: 

A.  Techniques 

1.  Alternate  type  elements  - lens  and  matrices 

2.  Higher  order  overlap  factors 

3.  Wideband  signal  design  requirements 
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1.  Two  dimension  scanning 

2.  Designs  for  high  performance  applications,  e.g., 
ultra  low  sldelobe  designs 


3.  Multiple-beam  array  designs. 

Additional  analysis  Is  also  called  for  in  the  area  of  reliability, 
monitoring,  and  cost  for  arrays  that  operate  with  very  few  elements. 
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